INTRODUCTION 62
The maintenance of a stable core body temperature during heat stress in humans is 63 dependent on the heat loss responses of cutaneous vasodilation and sweating. 64 Acethylcholine (ACh) released from sympathetic cholinergic nerves is a key 65 neurotransmitter contributing to heat stress-induced increases in cutaneous vasodilation (14, 66 25, 46, 50) and sweating (25, 33, 50) . In line with this, the administration of cholinergic 67 agonists such as ACh and methacholine (an ACh mimetic) can induce substantial cutaneous 68 vasodilation (3, 16, 17, 21, 27, 30, 36) . Once the muscarinic receptors located on the 69 endothelial cells are activated by ACh, there is an increase in inositol 1,4,5-trisphosphate 70 (IP3), which subsequently activates IP3 receptors, resulting in an increase in endothelial 71 intracellular Ca 2+ . This increase in intracellular Ca 2+ can subsequently result in vasodilation 72 through several signaling pathways (10, 41). Although there is no direct evidence in human 73 skin, it is generally accepted that in addition to releasing ACh, cholinergic nerves also 74 release ATP (7, 45, 48, 59) . In vitro studies show that ATP can sensitize IP3 receptors (2, 75 34, 43) as evidenced by the observed increases in frequency and average duration of IP3-76 gated channel opening (2). This would elicit greater increases in endothelial intracellular 77 Ca 2+ at a given level of muscarinic receptor activation. Thus, ATP may enhance cholinergic 78 cutaneous vasodilation; however, this possibility remains to be elucidated. 79
It is generally accepted that heat stress-induced sweating is primarily mediated 80 through cholinergic mechanisms (25, 33) . However, muscarinic receptor activation via the 81 infusion of high concentrations of cholinergic stimulating agents (ACh and methacholine) 82 causes relatively modest increases in sweat rate (~0.4-0.6 mg min ) (16, 30, 37, 38) , 83 compared to the those observed during whole-body heat stress such as exercise or wholebody passive heating (~1.0-2.0 mg min −1 cm −2 ) (6, 18, 35, 40, 54, 55) . These findings 85 suggest that other non-cholinergic mechanisms may be required to achieve the high sweat 86 rates that occur during whole-body heat stress. Given that ATP may be co-released with 87
ACh from cholinergic nerves in the skin, and that P2 receptors (purinergic receptors that 88 can be activated by ATP) are located on the sweat gland (31) (28). However, it remains to be determined whether ATP can in fact enhance cholinergic 97 sweating in humans in vivo. 98
The present study was conducted to evaluate the effect of intradermal 99 administration of ATP on cholinergic-mediated forearm cutaneous vasodilation and 100 sweating in humans in vivo. We hypothesized that ATP augments both cholinergic 101 cutaneous vasodilation and sweating. In addition, we also explored the potential sex 102 differences in ATP-induced modulation of cholinergic cutaneous vasodilation and sweating 103 since the peripheral mechanisms underpinning cutaneous vasodilation and sweating differ 104 between males and females as evaluated by ATP-dependent cutaneous vasodilation (15) 105 and cholinergic sweating (17, 22) . 106
MATERIALS AND METHODS 107

Ethical approval 108
The present study conforms to the guidelines set forth by the Declaration of Helsinki and 109 was approved by the University of Ottawa Health Sciences and Science Research Ethics 110
Board. Verbal and written informed consent was obtained from all volunteers prior to their 111 participation in the study. 112
113
Subjects 114
Seventeen, habitually active (1-7 days per week, ≥30 min of exercise per day), young adults 115 (eight males and nine females) participated in the experimental protocol, with similar 116 activity levels (mean ± standard deviation) between males (3.1 ± 0.5 days per week, ≥53.9 117 ± 19.2 min of exercise per day) and females (4.1 ± 1.2 days per week, ≥56.3 ± 7.4 min of 118 exercise per day) (all P > 0.13). Mean (± standard deviation) body mass, height, and age 119 were: 76.9 ± 13.1 kg, 1.78 ± 0.06 m, and 22 ± 3 years for the male subjects; and 63.7 ± 6.4 120 kg, 1.65 ± 0.06 m, and 21 ± 2 years for the female subjects. The exclusion criteria for 121 participating in this study was having a history of cystic fibrosis transmembrane 122 conductance regulator mutations, skin disorders, hypertension, heart disease, diabetes, 123 autonomic disorders, and cigarette smoking. At the time of the study, all subjects were not 124 taking prescription medications with the exception of contraceptives (six out of nine 125 females). All female subjects participated in the experimental session during the early 126 follicular phase (within 6 days of starting menstruation) or during the placebo phase if 127 using contraceptives in order to minimize the reported effects of female sex hormones on 128 cutaneous vasodilation and sweating (4, 29).
Experimental design 130
All subjects were instructed to abstain from over-the-counter medications (including non-131 steroidal anti-inflammatory agents and vitamin supplements) for at least 48 h before the 132 study, as well as alcohol and caffeine consumption at least 12 h before the study. 133
Additionally, subjects did not perform heavy exercise the day prior to the study. On the day 134 of the study, subjects did not consume any food 2 h before and throughout the study. Upon 135 arrival, the subjects provided a urine sample and voided their bladder, after which a 136 measurement of body mass was taken using a digital weight scale platform (Model 137 CBU150X, Mettler Toledo Inc., OH, USA) with a weighing terminal (Model IND560, 138 Mettler Toledo, Inc.). The subject's body height was then measured using an eye-level 139 physician stadiometer (Model 2391, Detecto Scale Company, Webb City, MO, USA). 140
Subjects were then directed to sit in a semi-recumbent position in the experimental room 141 (~25-27 ºC) and instrumented with four intradermal microdialysis fibres (30 kDa cutoff, 10 142 mm membrane) (MD2000, Bioanalytical Systems, West Lafayette, IN, USA) on the dorsal 143 side of the left forearm skin. Using an aseptic technique, a 25-gauge needle was first 144 inserted into the unanesthetized skin and exited the skin ~2.5 cm away from the entry point. 145
A microdialysis fibre was then threaded through the lumen of the needle, which was 146 subsequently withdrawn, leaving only the fibre in place. The four microdialysis fibres were 147 secured with surgical tape and each fibre was separated from adjacent fibres by a minimum 148 ) (16, 17, 30, 51) . Given that our study background focuses on the 178 activation of muscarinic receptors on the endothelial cells (for cutaneous vasodilation) and 179 sweat gland, we opted to use methacholine rather than acetylcholine, as acetylcholine can 180 activate both muscarinic and nicotinic receptors, whereas methacholine only activates the 181 former (42). RH systems, Albuquerque, NM, USA). Long vinyl tubes were used for connections 218 between the gas tank and the sweat capsule, and between the sweat capsule and the dew 219 point mirror. This ensured that the internal gas temperature was equilibrated to near room 220 temperature (~25-27 ºC). Local forearm sweat rate was calculated every 5 s based on thedifference in water content between influent and effluent air multiplied by the flow rate and 222 normalized for the skin surface area under the capsule (mg min
Urine specific gravity was assessed from the urine samples obtained prior to 224 starting the experimental protocol using a handheld total solids refractometer (Model 225 TS400, Reichter Inc., Depew, NY, USA). 226
227
Data analysis 228
The data presented in Figures Mauchly's test revealed that the assumption of sphericity was met for our data set. When a 258 significant interaction or main effect was detected, post hoc comparisons were carried out 259 using Student's paired or unpaired two-tailed t-tests. two-tailed t-tests were corrected for multiple comparisons using a modified Bonferroni test 262 (i.e., Hochberg's procedure) (20). Sex-differences were evaluated using Student's unpaired 263 two-tailed t-tests. Student's paired two-tailed t-tests were used to compare EC 50 between 264 the Control and 0.3 m M ATP sites. The level of significance for all analyses was set at P ≤ 265 0.05. All values are reported with a mean ± 95 % confidence interval, the latter of which 266 was calculated as 1.96 × standard error of the mean.
RESULTS 268
Urine specific gravity 269
Urine specific gravity before starting the experimental trial was 1.017 ± 0.005 for males 270 and 1.013 ± 0.006 for females, indicating both groups were euhydrated (9). 271 272
Cutaneous vascular response 273
Direct effect of ATP 274 Figure 1D ) as demonstrated by a lower EC 50 compared to the Control site 286 ( Figure 2B) ; however, this significant leftward shift was not observed in males ( Figure 1A We showed that the ATP-mediated modulation of cholinergic cutaneous 332 vasodilation was also observed in females, however, the pattern of response differed from 333 their male counterparts. Specifically, we showed that in females, a methacholine mediated-334 increase in CVC was observed at lower concentrations of methacholine compared to males 335 as demonstrated by our observation of a lower EC 50 at the 0.3 m M ATP treated skin site (i.e., 336 leftward shift, Figure 1D and 2B). Given that the relative contribution of NOS to 337 cholinergic cutaneous vasodilation is greater during low (e.g., 0.1-10 m M ) compared to high 338 (100 m M ) concentrations of ACh administration (36), the ATP-mediated augmentation of 339 cholinergic cutaneous vasodilation in females may primarily be due to a NOS-dependent 340 mechanism. In support of this mechanism, as discussed above, ATP may augment 341 methacholine-mediated increases in Ca ) and was assessed in a non-heat stressed condition (~25-27 ºC), 386 which presumably resulted in a lower forearm skin temperature than what was observed 387 during heat stress in the aforementioned study (55). This may indicate that a relatively 388 higher local skin temperature may play an important role in eliciting a greater sweat rate asobserved during heat stress. In support of this, a higher local skin temperature can sensitize 390 cholinergic sweating (12) and induce a higher sweat response during whole-body heat 391 stress at rest (58). However, even when maintaining a high local forearm skin temperature 392 (i.e.,40 °C), intradermal administration of a high concentration of acetylcholine (100 m 
